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Herein, intervalley scattering is exploited to account for anomalous antiresonances in the infrared
spectra of doped and disordered single layer graphene. We present infrared spectroscopy measure-
ments of graphene grafted with iodophenyl moieties in both reflection microscopy and transmission
configurations. Asymmetric transparency windows at energies corresponding to phonon modes near
the Γ and K points are observed, in contrast to the featureless spectrum of pristine graphene. These
asymmetric antiresonances are demonstrated to vary as a function of the chemical potential. We
propose a model which involves coherent intraband scattering with defects and phonons, thus re-
laxing the optical selection rule forbidding access to q 6= Γ phonons. This interpretation of the new
phenomenon is supported by our numerical simulations that reproduce the experimental features.
Graphene has found promising applications in plas-
monics for the terahertz (THz) to mid-infrared (MIR)
regime because of the optical properties pertaining to
its bidimensional semimetallic nature [1]. In this en-
ergy range, its absorption spectrum is dominated by a
strong Drude-like response that can be modulated by
doping [2]. The optical response is, however, monotonous
because there is no infrared-active phonon mode avail-
able, a fact explained by Zallen’s rule stating that at
least three atoms in the primitive unit cell are neces-
sary (and sufficient) to generate infrared activity in an
elemental crystal [3]. Tailoring the optical response of
single layer graphene (SLG) has therefore required cre-
ating plasmonic resonators and metamaterials by pat-
terning the material into nanoribbons [4–6], nanodisks,
heterostructure stacks [7], etc. In contrast, pristine bi-
layer graphene (BLG) demonstrates a native tunable
Fano resonance [8, 9], while BLG nanoribbons exhibit
phonon-induced transparency through plasmon-phonon
coupling [10].
We report on a novel scattering phenomenon medi-
ated by phonons and disorder, and its manifestation in
the MIR spectra of single layer graphene (SLG). The
infrared spectra of covalently functionalized graphene
show Fano-like antiresonances which we demonstrate to
emerge from scattering with randomly distributed grafts,
thereby allowing momentum transfer between phonons
and electronic intraband excitations. The scattering pro-
cess leads to sharp transparency windows in the mid-
infrared optical conductivity at frequencies correspond-
ing to optical phonon energies for momenta near the Γ
and ± K points, the latter being a direct consequence
of intervalley scattering. The mechanism is reminiscent,
but distinct, of the double resonance scattering process
between the two Dirac cones of graphene, that leads to
the occurrence of the D band in Raman spectroscopy of
disordered samples [11]. The phenomenon appears ubiq-
uitous to low dimension carbon structures such as carbon
nanotubes [12], and can potentially be exploited in opto-
electronic applications in the infrared.
RESULTS
Pristine and disordered SLG samples
Our samples consist of single layer graphene grown on
copper foil using a specific intermittent growth chemi-
cal vapor deposition (CVD) process that allows produc-
tion of a fully homogeneous monolayer without multi-
layer patches [13]. The graphene thus obtained was then
transferred to a MIR transparent substrate with regular
transfer techniques [14]. The graphene sheets have been
fully characterized through optical and scanning electron
microscopy, along with Raman microspectroscopy and
hyperspectral cartography to ensure that there is no bi-
layer contamination within the investigated regions (see
Supplementary Information). Covalent functionalization
is then used to introduce disorder in the crystalline lat-
tice [15–17]. Indeed, grafting of iodophenyl moieties (I-
Ph) to graphene breaks the sp2 conjugation and generates
sp3 hybridized scattering centers [18]. The reaction, how-
ever, leaves the samples in a state where the Fermi level
is poorly defined from adsorbed ions and grafts. We thus
use chemical doping to set the chemical potential. Practi-
cally, this is achieved by soaking the sample in a doping
solution at a certain concentration, and then drying in
a stream of nitrogen, which leaves the adsorbed dopant
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FIG. 1. (a) Mid-infrared reflection spectra in microscopy of pristine (upper panel) and electrografted single layer graphene
(lower panel) transferred onto intrinsic silicon with 300 nm thermal oxide. Spectra are shown after soaking in dopant solutions
of [DDQ] = 1 mM and [hydrazine] = 10 mM in acetonitrile. (b) Mid-infrared optical conductivity of single layer graphene
on BaF2 measured in transmission. Raw spectra are presented in the upper panel, while the lower panel shows traces after
subtraction of a cubic baseline. The black trace comes from a pristine sample doped at [DDQ] = 1 mM. The other traces belong
to a functionalized sample for varying DDQ concentrations. The arrows show the disorder-induced antiresonances, while the
star (∗) denotes a spurious band, and the double stars (∗∗), the carbonyl band of an impurity.
molecules on the surface. For instance, 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ, an electron acceptor)
dissolved in acetonitrile is used for p-type doping, while
hydrazine (an electron donor) in acetonitrile allows re-
duction of graphene.
Phonon-induced transparencies in MIR response
Infrared spectroscopy measurements are presented in
Fig. 1. The first set of data presented in (a) shows the
results of microscopy measurements in reflection mode
of SLG transferred onto intrinsic silicon with 300 nm
thermal oxide, which allowed us to probe well charac-
terized regions of the sample and to exclude areas with
bilayer and few-layer islands. Except for a weak modula-
tion near 1250 cm−1 and the carbonyl band of an impu-
rity at ∼ 1720 cm−1 (denoted by ∗∗), pristine graphene
yields a featureless MIR spectrum in both doping states
(i.e. [DDQ]= 1 mM and [hydrazine]= 10 mM) [Fig. 1(a),
top panel]. This behavior is expected since no graphene
phonons are supposed to be infrared-active [19]. In ac-
cordance with our following arguments, the weak modu-
lation near 1250 cm−1 may be due to the fact that the
probed area contains wrinkles and joint boundaries be-
tween crystal domains (see microscopy pictures in Sup-
plementary Information), which are sources of disorder.
The observations, however, change drastically upon cova-
lent grafting to graphene [graft density of approximately
1 I-Ph for 100 C atoms as evaluated by iodine content
analysis by X-ray photoelectron spectroscopy (XPS), see
Supplementary Information]. As seen in the bottom
panel of Fig. 1(a), a broad asymmetric signal is now ap-
parent near 1600 cm−1 in the DDQ-doped trace, and
a second, even broader signal is also observed around
1250 cm−1. Vibrational bands from dopants and I-Ph
are absent from the spectra because their concentrations
are lower than the detection limit. Moreover, the asym-
metric bands disappear upon soaking in a hydrazine so-
lution, and can be recovered by doping back to p-type
(see Supplementary Information), thus demonstrating a
dependency on charge carrier density.
The optical window of SiO2 being limited in the in-
frared by an intense absorption band at ∼1050 cm−1,
transmission spectra were obtained on a BaF2 sub-
strate to better assess the graphene band observed at
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FIG. 2. (a-b-c-d) Various Feynman diagrams. The squares
represent the matrix elements of the light-electron interac-
tion, the circles represent the electron-phonon coupling, the
diamonds the self-consistent, energy dependent defect scat-
tering potential, the star corresponds to a factor of nimp (the
number density of defects), the full lines the electronic Green
functions and the wavy lines the phonon propagator. (a) Con-
tribution to the current-current correlation function, which
leads to a Fano profile in bilayer graphene but vanishes iden-
tically in single layer graphene, (b) extension involving both
phonon and defect scattering beyond electronic self-energy
effects, thus leading to optical bands that are forbidden in
pristine samples. (c) Feynman diagram corresponding to a
Raman scattering resonance. (d) Feynman diagram corre-
sponding to the loop function. (e) Schematics of the resonant
scattering mechanisms for both Raman spectroscopy and the
loop function.
∼1250 cm−1. In these measurements, macroscopic sam-
ple areas were probed to prove that the effect is not lim-
ited to localized microscopic regions. This second set of
data is shown in Fig. 1(b) using an optical conductivity
scale for pristine graphene doped at [DDQ]= 1 mM, and
for grafted graphene (graft density of approximately 2 I-
Ph for 100 C atoms as evaluated by XPS) p-doped at
various levels (from [DDQ]= 1 µM to 1 mM). Raw spec-
tra are presented in the top panel, while a cubic baseline
has been subtracted from all spectra in the lower panel.
Two antiresonances are identified at ∼1250 cm−1 and
∼1600 cm−1, whereas the pristine signal (black trace) is
smooth, to the exception of a spurious band denoted by
a star (∗), and the carbonyl band of an impurity marked
by double stars (∗∗). The frequencies of the antireso-
nances coincide with those of the Raman D and G bands,
thus strongly suggesting that phonon modes are involved
in the mechanism. The profiles of the antiresonances
are asymmetric and skewed toward higher energies. The
widths of the bands, as evaluated by fitting a Fano profile,
are approximatively 120 cm−1 and 45 cm−1 respectively
for the lower and higher energy bands. Moreover, the am-
plitude of these anomalies can be modulated with dopant
concentration, which becomes evident after baseline cor-
rection (bottom panel). As can be observed in the top
panel, the background absorption also evolves following
the known dependence of the Drude peak to doping [2],
thus supporting the fact that the signal cross section is re-
lated to charge carrier density. It should be stressed that
the observed transparency windows (antiresonances) are
important hints about the underlying mechanism, since it
is in discrepancy with normal phonon resonances which
absorb light and thus would yield upward bands on a
conductivity scale.
Extension to the Drude model
To first gain intuition about the physics underpinning
the occurence of the antiresonances, we begin by extend-
ing the Drude model to collisions between a representa-
tive semiclassical electron and a phonon mode. Requiring
only momentum and energy conservation, we derive the
following expression for the conductivity σ (Sec. III-A,
Supplementary Information):
Re
[
σ(ω)
] ' σ0 (2Γ)2
(2Γ)2 + (h¯ω)2
+ ∆σ(ω) (1)
∆σ(ω)
σ0
∝ m
M
Im
[
(2Γ)3
(h¯ω + 2iΓ)2
Dph(ω)
]
, (2)
where σ0 is the static Drude conductivity, m/M is the
ratio of electronic to ionic mass, 2Γ is the width of
the Drude peak and Dph(ω) is the Green function of
the phonon mode which is sharply peaked at the fre-
quency of the phonon. The first term in Eq. (1) is the
familiar Drude conductivity, while the second term ac-
counts for an interference effect induced by multiple sub-
sequent electron-phonon scattering events and the dy-
namical nature of the phonon. For h¯ω > 2Γ, this sim-
ple model reproduces asymmetric antiresonances skewed
toward higher energies and centered at the phonon fre-
quency (Fig. S10, Supplementary Information).
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FIG. 3. (a) Computed phonon density of states and density of states weighted with the phonon coupling strength Pνq (top
panel); computed contributions to the conductivity for various chemical potential values, compared to experimental results
corresponding to [DDQ] = 1 mM (lower panel). (b) Model phonon dispersion of graphene (thin blue lines) overlaid with the
phonon coupling strength (thick red regions): the region size is proportional to the corresponding Pνq value. The vertical grey
bands indicate sections of the first Brillouin zone where the resonance conditions are satisfied for h¯ω = 200 meV with the
chemical potential µ set to −450 meV and the energy zero corresponds to the Dirac point.
Quantum mechanics model
While this simple extension to the Drude model gives
an intuitive picture for the underlying physics at play,
it is not sufficiently sophisticated as it does not ac-
count for the quantum mechanical nature of electrons
and phonons, nor does it take into consideration se-
lection rules or band dispersion. A proper treatment
of the optical conductivity makes use of the Kubo for-
mula [20], which relates σ(ω) to the current-current corre-
lation function. The effects of electron-phonon coupling
as well as defect scattering can then be computed sys-
tematically using the machinery of perturbation theory
and Feynman diagrams, an approach which treats both
intraband and interband electronic excitations on equal
footing. The fully quantum mechanical mechanism cor-
responding to the simple model of Eq. (1) is described by
the Feynman diagram of Fig. 2(a) in the case where intra-
band electronic excitations (ie, excitations near the Fermi
energy) dominate. This same Feynman diagram, but
with an emphasis on interband electronic excitations, was
first proposed by Cappelluti et al. [21, 22] to explain the
Fano profile observed in pristine bilayer graphene [8, 9]
and few-layer graphene [23], where a discrete mode (a
tangential phonon mode at Γ) couples to the continuum
of electron-hole excitations responsible for an optical res-
onance. This mechanism was also applied to plasmon-
phonon coupling to account for similar observations in
bilayer graphene nanoribbons [10]. In pristine single layer
graphene, however, a Fano resonance has never been ob-
served, nor is it expected: indeed, the contribution from
the mechanism of Fig. 2(a) vanishes by symmetry. Even
more, the other observed band at ∼1250 cm−1 cannot be
attributed to coupling to Γ point phonons, as there are
no available phonon modes near this energy.
A key point to correctly model the observed phe-
nomenon is the introduction of lattice defects (I-Ph graf-
ing), which destroys the periodicity of the system. Its
simplest consequence is a reduction of the electronic life-
time, leading to a broader Drude peak. However, the
introduction of electronic damping in the mechanism of
Fig. 2(a) still leads to an expression which vanishes by
symmetry in single layer graphene; the effect of disorder
must thus be treated beyond electronic lifetime reduc-
tion. Averaging the current-current correlation function
over all possible graft configurations, the simplest dis-
order contribution coupling non-Γ phonons to electronic
excitations is given by the Feynman diagram of Fig. 2(b).
It is shown in the Supplementary Information to yield a
contribution to the conductivity of the form
Re
[
σimp(ω)
]
' e
2
h¯
(
nimpa
2
0
) ∑
α=x,y
∑
L=A,B
1
N
∑
νq
AαLνq
|QαLνq |2 − 1 + 2zνqRe
[
QαLνq
]
|QαLνq |2
(
z2νq + 1
) , (3)
5with
zνq ≡ h¯ω − h¯ωνq
Γνq
, (4)
where N is the number of unit cells in the sample, nimp
is the number density of defects, a0 is the Bohr unit of
length, −e the electronic charge, α and L are related to
the spatial direction of the current operator (x or y) and
the defect scattering site in the graphene unit cell (A or
B). Also, ν is a phonon mode label and q is a momen-
tum restricted to the First Brillouin zone; thus ωνq is
the frequency and Γνq is related to the lifetime of the
phonon labelled by (νq). The contribution to the con-
ductivity of Eq. (3) is composed of a sum over the whole
First Brillouin zone of Fano-like terms with unitless Fano
parameters QαLνq and amplitudes A
αL
νq . These parameters
are related to the “Loop” function HαLνq , corresponding
to the sub-diagram of Fig. 2(d), which can be expressed
as the sum of a “reactive” and “absorptive” term,
HαLνq = RαLνq + iIαLνq , (5)
such that, in atomic units,
QαLνq ≡ −
RαLνq
IαLνq
and AαLνq ≡
1
h¯ωνq
1
4Γνq
∣∣∣RαLνq ∣∣∣2. (6)
Given the asymmetrical nature of the spectrum, it will be
useful below to define the phonon coupling strength [22],
Pνq ≡ 1
4
∑
α=x,y
∑
L=A,B
1
h¯ωνq
(∣∣∣RαLνq ∣∣∣2 + ∣∣∣IαLνq ∣∣∣2), (7)
as a measure of the weight of the mode.
It is useful at this point to draw parallels between
the proposed contribution to the current-current corre-
lation function and the theory of Raman scattering with
a single phonon emission, presented diagrammatically in
Fig. 2(c), along with the Loop function in Fig. 2(d). As
depicted schematically in Fig. 2(e), the Loop function
may be described as the absorption of a photon to a vir-
tual excited state, followed by an elastic collision with a
defect back to the electronic band of graphene. If the
whole scattering process is in resonance both in momen-
tum and energy with an optical phonon mode, then the
cycle is similar to a Raman resonant transition, as also
represented on Fig. 2(e), but with two major differences:
on the one hand, elastic scattering with defects allow for
intra- and intervalley processes within the Loop function;
large q phonon modes thus become available through
this scheme. Also, in Raman spectroscopy the incoming
light is energetic enough to induce interband transitions,
whereas infrared light cannot: thus the resonant transi-
tion in the Loop function imposes that both momenta k
and k+q be within h¯ω of the Fermi energy, where h¯ω is
the energy of the incoming infrared light. There is always
a k satisfying the resonant condition for
ω
vF
≤ |q−P| ≤ 2kµ + ω
vF
(8)
where kµ is the radius of the circular Fermi surface and vF
is the Fermi velocity of graphene. In the above, P = Γ for
intravalley q and P = ± K for intervalley q. If q is such
that Eq. (8) cannot be satisfied, we expect nonresonant
(and thus small) contributions to the current-current cor-
relation function.
Simulation of optical conductivity
To test the quantitative validity of the model, the
contribution of Eq. (3) was computed within the tight-
binding approximation in the spirit of the work of Peres
et al. [24]. Impurity scattering is modeled in terms of on-
site, randomly located impenetrable potentials, treated
in a way to make use of the Full Born Approximation [24].
The phonon frequencies and polarization vectors were
obtained from a force constant model [25]; the phonon
dispersion was modified in the vicinity of ±K to ac-
count for the physically well established Kohn anomalies
at these points [26], but which the force constant model
fails to capture. The parameters entering the electron-
phonon coupling matrix elements were obtained by com-
paring with computed results available in the literature
at q = Γ and q = K [26, 27] (see Supplementary In-
formation). The model contributions were computed for
various chemical potential values µ at a graft density of
2%, a phonon energy broadening Γνq = 2.5 meV, and
an electronic energy broadening energy Γ = 75 meV (as
exposed in Sec. III-B of the Supplementary Information,
we estimate µ ' −450 meV).
The model conductivity of Eq. (3) is compared to the
experimental conductivity in the presence of disorder and
soaked in a 1 mM DDQ solution in Fig. 3. The model
reproduces the position and asymmetry of the two promi-
nent bands in the baseline-corrected signal, and yields a
roughly correct amplitude, given the uncertainty on the
experimental chemical potential and Drude peak width.
Also, it correctly captures the transmission windows sig-
nal profile (i.e. downward bands in the optical conduc-
tivity, upward bands on a transmittance scale) due to an
interference effect between electron and phonon degrees
of freedom, akin to the one captured by the intuitive ex-
tension of the Drude model. Finally, the contribution
of the model to the conductivity vanishes as µ → 0, in
agreement with the experimental observation that the
asymmetric bands disappear upon soaking in hydrazine
solution. For completeness, the conductivity was also
computed for various reasonable values of the broaden-
ing parameter Γ: the asymmetry of the bands follows
the same trend as that of the simple Drude-like model
of Eq. (1) even when disorder is treated beyond lifetime
6effects (See Fig. S10 and S11(b) of the Supplementary
Information).
Fig. 3(b) shows that the phonon coupling strength (red
areas) is substantial only near regions where the reso-
nance conditions are satisfied (grey bands). This behav-
ior leads to a coupling strength density of states with two
major peaks corresponding to contributions coming from
q ' ± K and q ' Γ, as plotted in Fig. 3(a) (top panel,
right axis).
DISCUSSION
The two prominent antiresonances in the experimen-
tal data can now readily be explained. The feature at
∼1600 cm−1 comes from coupling to phonons near the
E2g mode for q ∼ Γ; in agreement with experiments,
the amplitude of the simulated band increases with |µ|,
while the position of the band remains unchanged, re-
flecting the lack of phonon dispersion near the E2g mode
at Γ. The broad feature in the vicinity of 1200-1400 cm−1
comes from coupling to phonons near the A′1 mode for
q ∼ ± K; again, the simulated amplitude of the band
increases with |µ| as observed experimentally, and its po-
sition moves to higher energy with |µ| [dashed line in
Fig. 3(a) tracking the position of the minimum], a con-
sequence of the strong phonon dispersion near the Kohn
anomaly at ± K. We note the absence of features around
∼1050 cm−1, the frequency of the A′2 mode at ± K: this
absence is consistent with simulations based on density
functional theory suggesting that the electron-phonon
coupling strength of this mode is negligible [28].
Our experiments bring to light a disorder and phonon
mediated phenomenon in single layer graphene yielding
transmission windows at phonon frequencies matching
q ∼ Γ and q ∼ ± K. Unlike the contribution leading
to Fano resonances in pristine multilayer graphene, the
proposed mechanism is intraband in nature and accounts
for disorder beyond lifetime effects: electrons in states
near the Fermi energy scatter coherently on defects and
phonons, thus breaking the optical selection rule (i.e.
q 'Γ) valid in pristine samples. Whereas Fano profiles
are induced by a discrete state-continuum coupling be-
tween Γ phonon modes and electronic degrees of free-
dom, the mechanism presented here involves continuum-
continuum coupling, with phonon momenta constrained
to small regions near Γ and ± K.
This phenomenon may prove useful in quantifying the
disorder in graphene, and it will allow the modulation
of the optical conductivity in a narrow terahertz band,
hence providing extended tools for telecommunications,
medical and security imaging, and novel analytic and
sensing capabilities. Our model for single layer graphene
is also expected to hold in other systems: in particu-
lar, the infrared spectroscopy of bilayer [8, 9] and few-
layer [23] graphene, as well as carbon nanotubes [12],
should be revisited, as there too shall disorder enable
phonon-mediated intra- and intervalley scattering.
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